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SECTION 1
: INTRODUCTION AND SUMMARY

As part of the DNA late-time containment program for underground
nuclear testing, SRI International has since 1976 been conducting small
scale laboratory experiments to study the residual stress fields around
explosively formed cavities. The standard experiment involves casting a
12-inch diameter sphere of rock-matching grout (2C4) around a lucite-
encased sphere of high explosive (3/8 gm of PETN), placing this grout
sphere in a pressurized water tank to simulate overburden pressure, and
detonating the PETN. While maintaining overburden pressure, the sphere
is then hydrofractured from the explosively formed cavity using a tube
emplaced preshot. Breakdown pressure is compared with breakdown pressure
from a precast (unexploded) sphere to obtain an estimate of the magnitude
cf the explosively formed residual stress fields. A detailed description
and discussion of the experimental results may be found in Cizek and
Florence (References 1 and 2). -

S-CUBED was asked to numerically simulate these experiments in
order to increase understanding of the laboratory results, and to
validate our capability to calculate containment related phenomena.
Part of our calculational effort, the finite difference simulation of

the high explosive detonation and the subsequent ronlinear dynamic
processes which result in the formation of compressive residual stress
fields in the grout surrounding the exploded cavity, has been reported

by Rimer and Lie (References 3 and 4).

Before 1981, the only laboratory data available to be directly
compared to the dynamic calculations consisted of final cavity radius
and the pressure and integrated impulse at a quartz gauge emplaced in
the bottom of the water tank. While cavity radius is an important
discriminator of constitutive models and material properties, the quartz
gauge data (See Table C.1 of Reference 2) may vary by 25 percent or more
from individual shot to shot. Calculations have shown that variations

1

R i e |
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of 15 percent or more may be due to 1/8 inch tolerances in the radii of
individual grout spheres or in locating the center of a grout sphere
relative to the quartz gauge (See Reference 4).

In order to provide laboratory data which could be directly
compared to the finite difference calculations, SRI began in 1981 to
emplace particle velocity gauges inside the grout spheres. These gauges
(see Reference 2) consist of concentric circular current-carrying loops
of wire cast symmetrically about the charge. A magnetic field was gener-
ated normal to the plane of the loops by passing current through a coil

: . which surrounds the sphere. Charge detonation p%oduces radial motion of
the loops that cut the magnetic flux lines. In accordance with Faraday's
law, the voltage induced in each conducting loop is proportional to the
particle velocity. Records of radial particle velocity vs time obtained
from these gauges have proved to be reproducible from shot to shot.

The coil surrounding the sphere has necessitated a reduction in
the diameter of the grout sphere from 12 to 11 inches and replacement of
the confining water in the tank by a nonconducting oil. These modifica-
tions further increase the ambiguity of the quartz gauge measurements as
a tool for code validatton, but have been shown calculationally to not

influence the residual stress fields or particle velocity records. The

impact of another required experimental modification, replacement of the
manganin bridge wire detonator by a mild detonating fuse (MFD), is

P difficult to quantify with our calculations.

In this report, we begin by discussing the successful numerical
simulation of the SRI particle velocity records and final cavity radius
from spheres of 2C4 rock matching grout. The comparisons between
measured and calculated particle velocities are shown at four gauge
locations (See Figures 1.1-1.4) and the calculated compressive residual
stress fields in Figure 1.5.

12
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Figure 1.3. Comparison between measured and calculated particle
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The simple constitutive models used successfully in the past to
predict peak stresses and velocities from nuclear events in saturated
tuffs proved to be unsuited to the more difficult task of calculating
full velocity records for these small scale experiments. (At this time,
the particle velocity data from nuclear events in tuff are insufficient
to validate any constitutive model.) In Section 2, we discuss in some
detail the computational constitutive models used successfully to match
the particle velocity records from 2C4 grout and summarize the other
models which were tried including those which were partially successful
and those which failed. The successful constitutive models include an
increase in strength at high strain rates, a shear modulus reduction
postshock, and a time dependent and damage dependent (Maxwell solid)
relaxation of deviatoric stresses to a lower "shock damaged" failure
surface. These models will be referred to collectively as the RDD model
(for rate and damage dependent). Since the RDD models include rate
dependent effects, results at one explosive yield do not simply scale to
another yield.

In Section 3 of this report, an alternative approach, the effective
stress law model, developed with DARPA support (see Cherry and Rimer,
Reference 5), is shown to give excellent agreement with the velocity data
without the use of rate dependent models. Figures 3.3-3.7 show these
results. Thus, the particle velocity data, although greatly restricting
our choice of constitutive models did not allow a unique specification of
a constitutive model for the 2C4 grout. A purely experimental test of
the importance of rate dependent effects in the SRI 2C4 tests is proposed.
This test, using 3 gms of PETN instead of 3/8 gm (a factor of two lower
strain rates), is shown calculationally to distinguish between the two
numerical models.

For 2C4 grout, the modeling effort was directed toward modifica-
tions of the constitutive models dealing with shear failure; i.e., rate
effects, shock damage, and effective stress. The irreversible crush-up
of afr-filled porosity had been determined from static laboratory material
property tests under uniaxial strain loading and unloading conditions.
Details of the crush curve for this almost saturated material proved to
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be relatively unimportant in matching the velocity pulses at the ranges
of interest. These details would, of course, become increasingly more
important at greater ranges where peak stress levels are lower.

Particle velocity measurements have recently been made at the gauge
locations of Figures 1.1-1.4 for LD2C4 grout, a lower density, more
porous grout, intended as an alluvium simulant, in which 13.4 percent
air-filled porosity has been added in the form of microballoons (See
Cizek and Florence, Reference 6). S-CUBED was asked by DNA to simulate
numerically these particle velocity records using the RDD model before
laboratory material properties data were made available. This exercise
proved to be a successful demonstration that material properties could be
determined from particle velocity records for earth materials such as
alluvium from which core for laboratory tests is very difficult to
obtain. At the ranges of interest, stress levels were much lower for the
porous LD2C4 than for 2C4. Thus, the modeling effort became largely a
backing out of a dynamic crush curve which would reproduce numerically
the velocity records from the LD2C4 grout spheres- experiments.

Figures 1.6-1.9 show the successful match between measured and
calculated particle veldcities for LD2C4 using the RDD model. Figure
1.10 gives the calculated residual stresses for LD2C4 grout which are
approximately half of those calculated for 2C4 rock matching grout.
(Figures 4.11-4.14 show the excellent agreements obtained using the
effective stress model for LD2C4 grout).

Very recently, Terra Tek, Inc. (R. D. Smith, Reference 7) has made
static load-unload measurements in uniaxial strain to determine a crush
curve for LD2C4 grout. Figure 1.11 shows the excellent agreement between
the laboratory measuren.nts and the dynamic crush curve we had deter-
mined numerically from the velocity records before receiving this labora-
tory data. The only significant changes in calculated particle velocities
using the laboratory measurements were 6 percent lower peak velocities in
Figures 1.7 and 1.8.
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Comparison between measured and calculated particle
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Comparison between measured and calculated particle
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Section 4 of this report contains a detailed discussion of the
modeling effort for LD2C4 grout, including the sensitivity of the
calculated velocity records to the shape of the crush curve.

The results described in this report have a significance beyond
the development and validation of constitutive models for the grouts
used in the SRI experiments. The important results and conclusions are
summarized as follows beginning with those most specific to the grout
spheres experiments and ending with the most general.

1. A higher strength than obtained from.static laboratory
measurements is required to numerically match the measured cavity radii.
This is accomplished either by using strain rate dependent strength
increases as in the RDD model or by defining a dry strength of the grout
as in the effective stress law model.

2. A considerably lower strength after passage of the shock
wave is needed to match the velocity pulses, particularly the wide negé—
tive pulse. The strength reduction in the ROD model, i.e., shock damage
or shock conditioning assumed a function of the amount of void crushup
is made time dependent using a Maxwell solid in order to best reproduce
the measured peak velocities at the high strain rates of the small scale
experiment. These rate effects may not be important for large scale
events. The effective stress model accomplishes a rate independent
stress reduction from the dry strength to a lower wet strength which
depends upon the pore fluid pressure, here made a function of the amount
of void crushup. Thus, both models relate the strength reduction to the
crush curve,

3. Compressive residual stress fields are calculated for both
the 2C4 rock matching grout and the porous, low density LD2C4 grout
using two models validated by excellent agreement with the measured
velocities and cavity expansion, For 2C4 grout the magnitudes of both
calculated residual stress fields are compatible with the hydrofracture
records for these tests.
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4, The hydrofracture records for LD2C4 grout show no increase
in breakdown pressure for exploded spheres over unexploded (precast
spheres). This experimental result appears not to be compatible with
the calculated residual stress fields for LD2C4. Since LD2C4 is
intended to be a simulant of a weak, high porosity rock such as allu-
vium, the experimental result brings into question the application of
the residual stress concept to events in these earth materials. The
experimental result may yet prove to be due to very rapid stress
relaxation from the calculated residual stress fields. If such a rapid
stress relaxation occurs in alluvium at the much.larger scale of a
nuclear test, residual stress fields may not prevent hydrofracture by
the hot cavity gases from a nuclear event.

5. Particle velocity and cavity radius measurements from the
SRI small scale experiments have been shown to provide severe con-
straints on the choice of equation of state models for grout. Measure-
ments of rock response in these simple, uncontroversial geometries may'
provide us the standards by which we can measure our modeling success
for the rocks of interest to containment. We recognize the objections
to application of the résults of these very small scale tests to insitu
events (size effects, rate effects, insitu stresses), but despair of
obtaining cheap, reproducible/reliable and frequent experimental data
from nuclear tests to adequately verify our calculational models. As a
first step, particle velocity measurements will be obtained at SRI from
cores of tuff taken from the site of the upcoming Sandia National
Laboratory ONE TON high explosive test in G-tunnel. These velocity
measurements on representative cores of tuff (determined using laboratory
material properties measurements) will be compared with velocity data
from the ONE TON event to determine size effects, etc. Calculational
models calibrated with the SRI tuff measurements will be applied to the
ONE TON results.
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6. As demonstrated for the LD2C4 experiments, particle velocity
measurements, together with cavity radius data, can be used in conjunc-
tion with appropriate constitutive models to determine material proper-
ties for earth materials from which core is not available. Insitu
particle velocity measurements from high explosive tests are recommended
as material properties tests in these media. The CIST test is such a
test for near surface cylindrical geometries. For contained nuclear
test beds, however, we recommend spherically symmetric explosive tests
which Tead to less expensive one-dimensional simulations.
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SECTION 2.
CONSTITUTIVE MODELS FOR 2C4 ROCK-MATCHING GROUT

Here, we discuss the computational constitutive models and
material properties used to simulate the particle velocity data from
the SRI small scale explosive tests in 2C4 rock-matching grout. We
begin with a discussion of the "source", i.e., characterization of the
PETN explosive and the surrounding lucite shell. These are followed
by a summary of the significant laboratory material properties
measurements for 2C4 grout. The discussion of grout constitutive
models is presented in roughly the chronological order in which they
were employed in this investigation. Included are those models which
failed to match the data and those which were partially successful so
that future calculators may avoid duplicating our less successful
investigations,

2.1 CHARACTERIZATION OF THE PETN EXPLOSIVE -

The JWL equation of state (see Reference 8) was developed at
Lawrence Livermore National Laboratory to describe the pressure-volume-
energy behavior of explosive detonation products. The pressure P(Mb)
is given as a function of internal energy E(Mb cc/cc) and V, the ratio
of volume of detonation products to undetonated explosive volume, by

P = AL - i) RV 4 (1 - A eRoV 4 M l

The equation for P as a function of V at constant entropy, i.e., the
isentrope, is

R +1)

P, = Ae R+ ge RV 4 oy (¥
where A, B, C, Rl’ R2 and w are coefficients determined for a
limited number of explosives by matching the equation with experi-

mental C-J conditions, calorimetric data, and expansion behavior -
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generally cylinder tests. These coefficients have been estimated for
explosives where data is not available.

In the absence of calorimetric data for the PETN density of
interest (1.0 gm/cc) Finger (Reference 9) has calculated the coeffi-
cients given in Table 2.1 from the measured C-J pressure and detona-
tion velocity (D). We calculated a revised set of JWL coefficients,
also given in Table 2.1, which also reproduce the measured detonation
velocity and C-J pressure in order to investigate the effects of HE
equation of state variations. The revised coefficients gave smaller
calculated peak particle velocities which are in better agreement with
the grout spheres measurements (shown in Figure 2.1) within one final
cavity radius (1.0 cm) of the explosive. (The "x" in Figure 2.1
denotes earlier, not as reliable, measurements made in cylinders of
grout). With the revised JWL coefficients, used for all simulations
shown in this report, calculated velocity pulse widths in the grout
are also slightly smaller than for the original coefficients.

At ranges greater than 1 cm, almost no changes in results from a
full HE detonation calculation occurred when the PETN was assumed to
burn at constant volume *and then to follow the JWL equation of state
isentrope (given by Ps) down in pressure from the initial volume.
Since the latter procedure results in considerable savings in time and
money compared to a full detonation calculation, it was used in all of
the simulations discussed in this report.

2,2 EQUATION OF STATE FOR THE LUCITE SHELL

Fortunately, details of the lucite equation of state were found
not to impact the simulations to first order. However, simulations of
decoupled explosives in the SRI grout spheres are likely to be more
sensitive to these details. The pressure-volume equation of state
used to describe the lucite shell was developed by Duff (Reference 10)
for the KO code at Lawrence Livermore Laboratory. It fits shock
velocity-particle velocity data to a straight line of the form

US=CB+SUP
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TABLE 2.1. C-J STATE AND JWL COEFFICIENTS FOR PETN (1.0 gm/cc)
Finger YRevised"
ch (Mb) 0.085
D (cmfus) 0.555
Eo (Mb cc/cc) 0.057
vcj (cc/gm) 0.724
A (Mb) 2.372 7.38
8 (Mb)’ 0.1061 0.10
C (Mb) 0.01008 0.00994
R1 5.6 7.0
R2 1.8 2.0
w 0.24 0.28
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where uS is the shock velocity, U_the particle velocity, and C
and s coefficients of the fit for lucite given as

B

C, = 0.206 cm/us

B
s = 1,545
The pressure is calculated from

° Cg u [1 +<g§-§—l)u +s(s - 1) uz]

where B = p/p0 -1

o
[}

and o 1.18 gm/cc.

0

The lucite was assumed to have a shear modulus of 18 Kb and to
have a failure surface given by

Y - 0.682 +0.9P (Kb) P < 0.62
Y =1,052 +0.3P (Kb) 0.62 <P < 6.5
Y = 3.0 (Kb) P > 6.5 Kb

where y is the maximum allowable stress difference and P is the
average of the maximum and minimum principal stresses.

2.3 MATERIAL PROPERTIES FOR 2C4 ROCK MATCHING GROUT
The rock-matching grout known as 2C4 replaced the more variable

2C3 grout as the host material for the SRI small scale experiments in
1977, Cyzek and Florence (Reference 11) reported static unconfined
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compressive strength and physical properties measurements made at SRI
as well as the results of static uniaxial strain load-unload tests to
4 Kb confining pressure performed at Terra Tek, Inc. Ultrasonic

measurements of longitudinal and shear velocity and static tensile
strength measurements (Brazil test) are first reported in Reference 12.
Reference 13 reported dynamic measurements at SRI (at an average strain
rate of 0.15 sec ') which were significantly higher tha~ the static
measurements. Increases in strength of 30 to 50 percent above static
measurements at strain rates of 2-8 sec = were later reported by
Ehrgott (Reference 14) for a stronger grout intended to be 2C4. More
recently, an extensive laboratory material properties program was
conducted by Terra Tek for DNA (See Cooley, et al, Reference 15) which
included uniaxial and hydrostatic compressive tests, strain rate

tests, pore pressure tests (drained, undrained, etc), permeability
measurements, and triaxial compression tests on virgin samples and on
grout samples previously loaded to 4 Kb confining pressure in uniaxial
strain and then unloaded.

Table 2.2 gives the physical properties and elastic wave speeds
for 2C4 grout obtained from the above laboratory measurements and used
in the calculations. AYso shown are the compressive and tensile
strengths measured under static loading and at an average strain rate
of 0.15 sec™".

It is difficult to separate a discussion of material properties
from the constitutive models used in the calculations. Let us review
the basic constitutive models (used in the DNA containment community
to model NTS Area 12 tuff) which were first applied to the grout
spheres. These include a pressure-volume equation of state and con-
stitutive models for shear and tension failure.

P-V Equation of State and Pore Crushup

The nominally saturated 2C4 grout was shown in Reference 15 to
have approximately 1.5 percent air-filled porosity which was fully
crushed up under uniaxial strain loading at approximately 3 Kb. The
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TABLE 2.2. MATERIAL PROPERTIES FOR 2C4 GROUT

Density (gmicc) 2.205
Air-filled porosity (%) 1.5
Bulk modulus (Kb) 148.27
Shear modulus (Kb) 70.78 |
Longitudinal wave speed (m/s) 3317
Shear wave speed (m/s) 1792
Poisson's ratio - 0.294
Maximum stress difference (Kb) 0.30
Unconfined compressive strength  (Kb)
Static 0.270 £ 0.03
At strain rate of 0.15 sec'1 0.367
Tensile strength from Brazil Test (Kb)
Static 0.036 + 0.01
At strain rate of 0.15 sec™L 0.061
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P-a porous rock crushup model, Reference 16, together with a polynomial
equation of state were used to describe the P - V behavior of a rock
element. The pressure of the material without air-filled voids is given

by

P = 202 u + 288 w2 (Kb)

where the coefficients were fit to the uniaxial load-unload data.
Earlier calculations using the energy dependent Tillotson equation of
state (Reference 17) showed no significant difference in results,
probably due to the low C-J pressure of the HE.

For a material containing air-filled voids the pressure may be
obtained from Pn through the use of the P-a crush model. The disten-
sion ratio a is defined as the ratio of the density of the material
without voids to its density with voids included. Thus as the grout is
loaded, a decreases from its initial value (1 - bo)—l, where 00 is
the air-filled porosity (1.5 percent), down to 1.0 at 3 Kb, the pressure
at which all air-filled porosity is irreversibly removed. Over the early
portion of the loading (the linearly elastic portion) which is assumed
here to extend up to 100 bars, the porosity is assumed to be completely.
recoverable upon unloading. Between 100 bars and 3 Kb, the air-filled
porosity is assumed to be partially recoverable on unloading.

Figure 2.2 shows the load-unload curve based on the measurements
in Reference 15. The elastic limit of 100 bars was chosen, somewhat
arbitrarily, to be greater than the applied overburden pressure of 69
bars in the water tank. We found that for the four ranges of the grout
spheres particle velocity data, the results were independent of the
choice of elastic limit., However, the peak velocities at the larger
ranges from the grout cylinder tests could be better simulated by
assuming more void crushup below a stress of 0.5 Kb than given by the
laboratory uniaxial strain load-unload data of Reference 15.
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Figure 2.2. Crush curve for 2C4 grout.
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Shear and Tension Failure

As described in Reference 16, the material strength Y (the maximum
stress difference) is chosen to be a function of P, in spherical symmetry
the average of the maximum and minimum principal stresses. This empiri-
cal formulation allows data from laboratory tests in compression (shear),
extension, and torsion to be represented by a single failure surface.

The laboratory static triaxial compression data for 2C4 grout has been
plotted in Y vs P space in Figure 2.3. (Figure 2.4 shows the raw data
for each confining pressure.) Two types of data are shown; damaged,
referring to grout samples which have been cyc]e& in uniaxial strain to
4 Kb before testing, and intact, i.e., test results from virgin grout
samples. These tests define a maximum static strength of 0.30 Kb for
virgin 2C4 grout and a maximum "damaged" strength of 0.18 Kb for samples
in which the air-filled porosity has been completely crushed up. No
data is available for partially crushed samples.

The failure surface for intact grout (below maximum strength) was
chosen as a straight line in P space, shown in Figure 2.3 and given by

Y =0.055+1.86P (Kb)

This failure surface is based on the measured static unconfined
compressive strength of 0.275 Kb (at Y = 2 P) and also gives shear
failure under extensional loading at stress levels corresponding to the
measured tensile strengths given in Table 2.2.

Computationally, Hooke's law is used to obtain an initial estimate
of the stress deviators. Shear failure occurs if the stress difference
exceeds the failure surface. Then, adjustment of the stress deviators
is required. In this simple constitutional model, each deviatoric stress
component is reduced by multiplying it be the factor fL given by

j 1
37
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> TRIAXIAL COMPRESSION TESTS

DNA 2Ce GROUT
AT DIFFERENT CONFINING PRESSURES
UNDRAINED
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Figure 2.4, Triaxial compression tests, at different confining
pressures, undrained.
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where b = dY/dP is the slope of the failure surface,

J2 is the second deviatoric stress invariant, 3J2 is
therefore, the stress difference,

J3 is the third deviatoric stress invariant
and

P =p- 12 (32003

Tension failure is assumed to occur in an element if a princi-
pal stress becomes tensile only when the element has previously
exceeded the failure surface, which has been calibrated to give the
tensile strength for extensional states. We then apply the tension
failure model proposed by Maenchen and Sack (Reference 18) and intro-
duce an inelastic strain normal to the crack which is just sufficient
to zero the normal stress. Stress components are calculated from
Hooke's law. The inelastic strain increments are accumulated during
each cycle in which the normal stress is calculated to be tensile,
thus giving an estimate of the crack width, Once this unadjusted
principal stress becomes compressive, the crack width begins to
decrease. Crack closure continues until the inelastic strain
becomes zero. When this state is achieved, the element is able to
support a compressive sfress.

Grout spheres calculations, see Reference 3, made with the
above material properties and constitutive models, gave cavity radii
20 percent greater than the measured cavity radius of 1.0 cm. Rimer
and Lie (Reference 4) chose to increase the dynamic strength of the
grout above the static laboratory measurements in order to success-
fully match the measured cavity radius.

Dynamic Failure Surface

In our discussions so far, we have assumed that the strength
or failure surface was an inherent material property of the grout.
In fact, a number of experimenters have shown that the strength of a
rock depends upon the rate of loading and inversely upon the size of
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the sample tested and that the fracture toughness of the material, i.e.,
the stress intensity factor at which a crack will propagate unstably,
should be considered the fundamental material property. The macroscopic
strength is shown to depend primarily on the largest flaws in the
sample. For the small scale explosive spheres experiments, we chose to
neglect these size effects in the uniform grout medium.

The SRI laboratory data given in Table 2.2 and the work at WES
(Reference 14) clearly indicate an increase in unconfined strengths at
strain rates as low as 0.1 sec . Work at Terra Tek (Reference 15)
however, led to the conflicting conclusion that "within the resolution
of these experiments, there are no perceptible strain rate effects for
uniaxial strain tests and triaxial compression tests conducted at strain
rates between 10™> sec™l and 10> sec_1 and for the unconfined
coTYressjgn tests conducted at strain rates between 10™° sec™! and
10 © sec "". The literature as summarized in Reference 19, does in
fact show relatively small changes in strength at low-strain rates (from
107 - 1073 sec'l) and larger increases in strength beginning at '
higher strain rates (10 ° - 10" sec ') depending upon material.

Rimer and Lie (Reference 4) chose to modify the static laboratory
failure surface for 2C4 by assuming that strength increases linearly
with the logarithm of strain rate (the classical theorg for metals)
beginning with a reference (static) strain rate of 10 ~ sec .

(This was done before the Terra Tek experiments of Reference 15). Our
grout spheres calculations have shown radial strain rates of 105 -

10° sec = at the shock wave, eight orders of magnitude or more

greater than the static loading data and at least six orders of magni-
tude greater than the dynamic loading data of Table 2.2. Thus the
strain rate model must extrapolate the existing data over many orders of
magnitude, and therefore could be quite inaccurate. Fortunately, over
most of the volume of the grout, strain rates of 103 sec  are

exceeded only at the shock front.

In Reference 4, we reported the following dynamic failure surface
for 2C4 grout.




Y = 0.055 fi* 1.6 f2 P (Kb)
Ymax = 0.33 f3 (Kb)

where
f1-1+0.32c
f2 =1 -0.0287 ¢
f3 =1+ 0,155 ¢
and

€ = log), (radial strain rate/0.001).

Due to the changing strain rates, the failure surface may be
different in each grout element and at each instant of time. Adjust-
ments of the stress deviator during dynamic yielding are accomplished
using b = 1.6 f2 as the sliope of the failure surface. The coefficients
of the above failure surface were calculated to give both the measured
unconfined compressive strength and the tensile strength at a strain
rate of 0.15 sec”l. At the strain rates of 2-8 sec \ corresponding
to the WES measurements of Reference 14, a 50 percent increase in
unconfined strength is computed from the above farmulas, in agreement
with the WES data.

The maximum strength, Ymax’ from Reference 4, is 10 percent
greater than given by later laboratory measurements (Figure 2.3 and
Table 2.2). No data was available to normalize f3, the increase in
Y with strain rate. The choice made in Reference 4 was to increase

max
Y in the same manner as the unconfined strength. However, the

1?::rature (Reference 19) indicates that rate effects are even more
drastic at confining pressure than for unconfined stress states.
Whenever the strain rate dependent failure model is used in conjunction
with other constitutive models for strength in the remainder of this

report, f3 will be increased to be equal to fl'

This strain rate dependent failure surface of Reference 4 gave a
calculated cavity radius of 0.99 cm, in agreement with the measurements.
However, the higher strength resulted in an increase in the peak tangen-
tial residual stress from 625 bar to approximately 1 Kb, not compatible
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with the hydrofracture measurements. When particle velocity data became
available, it was clear that these high strengths also resulted in much
too narrow velocity pulses. The higher value of f3 gave even narrower
pulses, similar residual stress peaks, and a cavity radius of 0.84 cm.

2.4 THE EFFECTS OF CONSTITUTIVE MODELING CHANGES ON THE PARTICLE
VELOCITIES

The starting point for our summary of the effects of constitutive
modeling changes on the calculated particle velocity records are the
basic constitutive models described in Section 2.3. We show comparisons
between measured and calculated velocities only at a range of 1.90 cm
(the other stations are qualitatively similar), beginning with Figure
2.5, for the laboratory static failure surface. The calculated peak
velocity is too high, the positive pulse width is too large, and the
negative pulse width is far too narrow. Invoking strain rate dependent
increases in strength (see Figure 2.6) reduces the peak velocity but
drastically narrows the pulses by approximately a factor of two.

A series of modeling changes were initiated which did not
significantly improve the agreement between calculated velocity pulses
and the measurements.

1. Crush curve variations: These mainly impacted the peak
velocities at the largest ranges where void crushup is incompiete.

2. P - VEOS and elastic moduli of grout: These variations gave,
at most, second order changes in results.

3. Strength, strain rate dependence, shock damage, and EQS
changes in the models for the lucite shell surrounding the explosive:
These variations about the models discussed in Section 2.2 gave only
second order changes in results,
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Figure 2.5. Comparison between measured particle velocities at a
range of 1.90 cm in 2C4 grout and a calculation using
the static laboratory measured failure surface.
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Figure 2.6. Comparison between measured particle velocities at
a2 range of 1.90 cm in 2C4 grout and a calculation
using strain rate dependent increases in strength.
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4, Modifications in the HE source: As discussed in Section 2.1,
the revised JWL constants resulted in some reduction of peak particle
velocities at the gauge locations inside 2.0 cm,

A major improvement in the constitutive models was the incorpor-
ation of a shock damaged failure surface based on the laboratory material
properties measurements shown in Figure 2.3. A calculation was made in
which the allowable maximum stress difference after complete pore crushup
was decreased 40 percent to a "damaged" failure surface. Strain rate
dependence as given in Reference 4 was assumed to increase the strength
of damaged grout in a similar manner to undisturbed grout. Partial pore

‘ crushups resulted in a "partially damaged" linearly interpolated failure

} surface intermediate between the two failure surfaces of Figure 2.3.

| This calculation gave positive particle velocity pulses slightly wider
than the measurements, peak velocities larger than the data (the
unrevised JWL coefficients were still being used at this time), an 18

i percent reduction in peak residual hoop stress, and a slightly 1arger‘

| cavity than the data. Only a small improvement in negative velocity

! pulse width was achieved. When the more recent value of fy for strain
rate dependence was used (and the revised JWL coefficients), positive
pulse widths, peak velocities and cavity radius were in good agreement
with the data. Figure 2.7 compares the results of this calculation with
the measurements at 1.90 cm. The major discrepancy in the simulation is
in the duration of the negative pulse. The remainder of the modeling
effort was largely directed toward increasing the duration of the
negative velocity.

The laboratory material properties data gives no information about
the extent of damage at higher stress levels. A reasonable assumption
is that increased shock damage, i.e., higher peak stress levels, should
reduce the maximum allowable stress difference below the 0.18 Kb value
given in Figure 2.3. The calculational results shown in Figure 1.7

assumed that this strength could be reduced by shock damage to a minimum
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Figure 2.7. Comparison between measured particle velocities at 1.90 cm
in 2C4 grout and a calculation using both strain rate

dependent increases in strength and shock damage dependent
decreases in strength.
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value of 0.075 Kb. Another calculation with a minimum strength of 0.0l
Kb gave a velocity pulse almost identical to Figure 2.7. In the two
calculations, the minimum strength values, i.e., assumed maximum damage,
occurred at peak stress levels of 6.5 and 7 Kb respectively for the
quadratic interpolation-extrapolation parameters (in peak volume
compression) chosen for the damage model.

More significant differences in the calculated velocity pulses
happen when the damaged failure surface of Figure 2.3 is assumed to
occur at lower peak pressure levels than the crush pressure of 3 Kb.
Since material properties measurements have not been made for 2C4
samples cycled statically to lower confining pressures than 4 Kb, we do
not know what damage (strength reduction) occurs at what stress level.
In fact, strength reduction could be different under dynamic loading
conditions than for the static laboratory loading conditions. Our
calculations with the RDD model have shown that both positive and
negative pulses are widened significantly when the same damage is
assumed to occur at lower stress levels. Since shock loading takes
place so rapidly in the 2C4 grout spheres, the calculated velocity
pulses were found to be almost completely independent of whether
strength reduction due to damage is assumed to occur immediately during
shock loading or on subsequent unloading.

The laboratory triaxial compression tests at Terra Tek (Reference
15) at different confining pressures, summarized in Figure 2.4, were
used by Patch (Reference 20) to estimate the reduction in shear modulus
(increase in Poisson‘s ratio) during void crushup. He compared the
increased values in Poisson's ratio at increased confining pressures
(directly obtainable from axial and transverse strain) with the bulk
moduli from the crush curve (similar to Figure 2.2) at the same con-
fining pressures to obtain the value of shear moduli. An alternate
procedure is to directly obtain G from Hooke's law for a given confining
pressure by using the initial slopes of the two curves of Figure 2.4 to
form the shear strain (the difference between axial and transverse
strains).
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We have used this procedure, which gives almost a factor of three
reduction in shear modulus during loading to the crush pressure, in our
grout spheres calculations. Here, the shear modulus reduction was made
a linear function of the minimum specific volume of a computational
element (the maximum volumetric compression). Figure 2.8 compares the
measured velocities with those calculated using this shear damage model
in conjunction with strain rate dependence and the shock damaged failure
surface. The effects of shear damage are slightly wider positive pulses
and almost 50 percent improved wider negative velocity pulses (compared
to Figure 2.7) but still narrower than the data. Larger peak particle
velocities (in worse agreement with the cylindriba] data) are obtained
at ranges outside the range of the spherical velocity data.

Further reductions in the strength of the damaged grout were
needed to sufficiently widen the negative velocity pulse. Since the
literature dres not cover strain rate dependent strength increases for
shock damaged rocks, we decided to model the damaged strength of the
grout as before but not to allow strain rate effects for this material
after shock loading. Simulations with this modeling change (see Figure
2.9) did widen the negative velocity pulse approximately 35 percent, but
resulted in an unsatisfdctory increase in positive pulse duration. Peak
velocities were also higher than desired.

Strain rate dependence appeared to be necessary to narrow the
positive velocity pulse. We next modeled a gradual decrease in strain
rate dependence with increasing shock damage. Best results with this
model (shown in Figure 2.10) occurred with a strain rate dependence
prescription which decreased gradually (quadratically with peak
volumetric compression) to zero at full void crushup. Peak particle
velocity remained slightly high as did the positive pulse width,
However the zero crossing and the negative velocity pulse were in far
better agreement with the measurements than before.

50




PV3 272 R = 190 (CM)
PV3 273

CALC
1
L 273....
~ 4000
3)
25
7
E 3
& 300
e’
S
b=
E; 2000
-
&
> 1000
0 44} pa)
~1000
00 m,o_.
‘10

Figure 2.8,

Comparison between measured particle velocities at 1.90 cm
in 2C4 grout and a calculation including strain rate
dependent increases in strength and shock damage dependent
decreases in bcth strength and shear modulus.
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Figure 2.9.

Comparison between measured particle velocities at a range
of 1.90 cm in 2C4 grout and a calculation with strain rate
dependent increases in strength but not for damaged grout.
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Figure 2.10. Comparison between measured velocities in 2C4 grout
at a range of 1.90 cm and a calculation in which strain

rate dependent increases in strength were gradually
reduced to zero for increasing shock damage.
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In effect, this empirical model keeps strength relatively high
during shock loading and only decreases the strength later in time. We
would like to have some physical basis for the decrease in strain rate
dependence after shock passage. As a first try, the coefficients
defining the strain rate dependence on strength were made functions of
the inelastic (plastic) work in a grout element, more plastic work
resulting in a gradually lower dependence of strength upon strain rate.
At some prescribed value of plastic work, no strain rate dependence was
allowed for the damaged grout. Several calculations were made to
normalize this constitutive model to the grout spheres velocity data.
Although the results were improved significantly over earlier models, we
were unable to obtain results as good as those shown in Figure 2.10 with
the empirical prescription for loss of strain rate dependence. Since
most of the plastic work occurred quite early in the pulse, the strength
was reduced too early to prevent a fat positive pulse.

Continued investigations led to the conclusion that time dependent
stress relaxation was needed to give the high strength for the narrow

positive velocity pulse and the low strengths at late times for the wide
negative velocity pulse.

2.5 THE RATE AND DAMAGE DEPENDENT (RDD) CONSTITUTIVE MODELS

The RDD model was the logical culminatiuon of our investigationms,
combining the most successful of the constitutive models discussed above
with a time dependent relaxation of deviatoric stresses from the undam-
aged (strong) failure surface to the damaged (weak) failure surface.
Stress relaxation is assumed to occur according to the simple Maxwell
solid viscous model with a relaxation time dependent upon the amount of
damage, i.e., the peak pressure or maximum compression seen by an ele-
ment. The undamaged failure surface includes the strain rate dependent
increases in strength needed to correctly simulate the final cavity
radius and measured positive velocity pulses while the damaged failure
surface, assumed to be independent of strain rate effects, is needed
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to give the wide measured negative velocity pulses. Figures 1.1-1.4
show the excellent agreement between the measured particle velocities
and the simulations using the RDD constitutive models. The calculated
residual stress fields are shown in Figure 1.5. A cavity radius of 1.0
cm within 1 percent of the measurements was obtained.

Here we present the equations governing the constitutive models
and indicate the sensitivity of the solutions to the choice of normali-
zing coefficients.

The Maxwell solid viscous model (Wilkins, Reference 21) assumes
that the .deviatoric strain rate ¢ can be written as the sum of an
elastic component and a viscous component as follows:

€= »¢

where S is the deviatoric stress, G the shear modulus and n the
coefficient of viscosity. Rewriting this equation, we obtain

8.2 2-5
n

where the first term is Hooke's Taw and the second represents the
stress relaxation of a Maxwell solid.

Letting S, be the stress calculated from Hooke's law, we
obtain the expression for the relaxed deviatoric stress component SR

G at
SR = So(l -5 (1)

where At is the time interval and n is assumed to be dependent on SR'

Cherry and Rimer (Reference 22) for a variety of NTS rocks,
generalized Equation (1) to empirically represent stress relaxation
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from a failure surface for a partially saturated porous material to a
lower surface for the material saturated due to shock induced pore
crushup according to effective stress concepts. They obtained the
following expression

SR"So[ ‘%‘(1‘%3%)}

or more simply
at
sR=s°-—6(so-3vR) (2)

where § is a time dimensioned coefficient and YR fepresents a
strength of saturated materiil but is given the sign of the stress
deviator. (Relaxation does not occur when the magnitude of So 18
less than 2/3 YR).)

The relaxation time, 8> given by

§ S0
5 3R

increases as So approaches 2/3 YR’ thus giving a smooth transition
between the Maxwell solid and elastic behavior (infinite &p). This
model was calibrated to successfully simulate the particle velocity
data from the Piledriver event in NTS granodiorite and has been applied i
to other NTS rocks including tuff, alluvium, and rhyolite (see Refer-

ence 22).

Here, the relaxation time was altered through the introduction
of a function fRe’ to give very rapid stress relaxation where damage

is greatest and very little relaxation where damage is small. Equation
(2) becomes
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at f
Re 2
S = S0 -3 (So - 3'YR) (4)

Equation (4) governs the deviatoric stress relaxation in the RDD
model. YR may be considered the damaged strength of the element and
itself is assumed to be a function of the amount of damage. The basic
damage function fR (used to define fRe) is related to the crush
curve, Figure 2.2 and defined by

Vo - Vo

where ve is the specific volume at the elastic pressure of 100 bars,
Vm is the minimum specific volume seen by the element of mass (a
measure of the peak pressure or maximum volumetric compression) and
vC is some reference specific volume at which the damaged failure
surface of Figure 2.3 is assumed to apply. At peak pressures below
the elastic pressure (Vm > Ve), fR is assumed to be zero while

for high stresses (Vm < Vc) fR can be greater than 1. The

effect is to create a large damaged central core of grout too weak to
resist the velocity rebound caused by the far stronger outer mass of
grout, thus giving a large negative velocity pulse. The damage
dependent relaxation time insures that the central core is weakened
before rebound begins.

A1l damage and relaxation phenomena are normalized through the
choice of Vc which determines the dependence of fR upon peak
pressure and the size of the damaged central core. The best match to
the particle velocity data from 2C4 grout occurs when Vc corresponds
to the 1.5 Kb pressure level in Figure 2.2 and using the following
functional dependences: '

57




1. Shear modulus is assumed to decrease linearly from 70.78 Kb
to 24.5 Kb as fr increases to 1.0. Continued reduction is allowed
for larger fp until a minimum shear modulus of 10 Kb is reached.
Shear modulus reduction is allowed both on loading and unloading of an
element. Calculated velocity pulses are relatively insensitive to
this choice, to the choice of minimum shear modulus, and to whether
linear or quadratic dependence on fR is assumed,

2. The damaged strength, YR’ at Vc is defined by the
lTower failure surface of Figure 2.3 which is described by

Yo = 0.033 + 1.6 P (Kb) .

Yo =0.18 (Kb) .

max

At ve, YR is given by

Yo = 0.055 + 1.6 P (Kb)

YR = 0.30 (Kb)

max

which is the upper (undamaged) failure surface of Figure 2.3 without
strain rate dependent strength increases.

The reduction in YR is assumed to be quadratically dependent
upon fp and to continue until a minimum strength of 0.01 Kb is
reached. The calculated negative velocity pulses depend only slightly
upon the minimum strength and are somewhat narrower if linear
dependence upon fR is chosen.
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3. Strain rate dependent strength increases are assumed to
occur only for undamaged grout or during loading of an element. The
failure surface is given by

e

5 Y = 0.0 £, + 1.6 £, P Kb

2
Ymax = 0.30 f3 Kb
where
f, = 1+0.32 ¢
; f2 =1-0.0287 &
f3 =1+0.32¢
and

€ = ]og10 (radial strain rate/0.001)

4, The Maxwell solid deviatoric stress relaxation as given by
Equation (4) is controlled both by the time relaxation coefficient s,
set equal to 1.0 usec, and fRe set equal to the square of the damage
function, fR' To avoid extremely rapid relaxation in the central
core, fRe is not allowed to be greater than 10. A numerical restric-
tion is also imposed which limits fRe to be less than the ratio &/at
to prevent the deviator from changing sign for a large time step. The
calculated velocity pulses are somewhat narrower when fRe is not
allowed to be greater than 1.0.

In the finite difference calculations, the time of shock loading
is nonphysical, controlled by numerical artificial viscosity. To
insure that stress relaxation is not dominated by these nonphysical
effects, our model does not permit relaxation until shock loading has
been completed. This restriction was put into the model for future
simulations of larger scale events for which the numerical timestep
may be comparable to or larger than §. (For the small scale grout
spheres tests, § is equal to approximately 100 time steps.) Simula-
tions of the velocity records for 2C4 grout were also made allowing
stress relaxation on loading with no significant change in results.
However, later simulations for the high porosity LD2C4 grout in which
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loading times were much greater showed a dependence upon whether
relaxation was or was not allowed on loading. Physically, the effect
of not allowing relaxation on loading combined with the strain rate
dependent increases in strength implies almost no shear failure during
the rapid loading of the grout.

The calculations made using the RDD model as described above
were normalized to the particle velocity data for 2C4 grout through
the choice of & and Vc. We first attempted to match the particle
velocities by equating vc to the specific volume at which all air-
filled porosity is crushed up (3-4 Kb pressure), the logical choice
based on the static laboratory data of Figure 2.3, but were unable to
obtain wide enough negative velocity pulses. A larger core of damaged
material is needed. Figure 2.11 - 2.13 show the effects of variations
in Vc and & on the calculated velocities at a range of 1.90 cm for
early calculations made with the RDD models using 1.8 percent air-
filled porosity. (The calculation for Figure 2.10 also used this
slightly larger porosity). Figure 2.11, with Vc corresponding to
the crush pressure and a § of 0.2 usec, shows an excellent agreement
between measured and calculated positive pulses, far better than for
Figure 2.10, for an earlier partially successful constitutive model,
but still too narrow a negative pulse. Decreasing & will widen the
negative pulse but will also increase the positive pulse width.

Figure 2.12 shows the effect, for the optimum & of 1.0 usec, of
decreasing Vc to the 1.0 Kb pressure level of Figure 2.2. Now the
damaged core is too wide giving a slightly wide positive pulse but too
great a negative pulse. Figure 2.13 shows the excellent results for &
equal to 1.0 usec and Vc corresponding to the 1.5 Kb level. Note
that these results, for 1.8 percent porosity, differ only slightly
from the best fit, for 1.5 percent porosity, shown in Figure 1.2.

Cavity radii for the three calculations shown in Figures 2,.11-
2.13 were within 2 percent of the best fit results and the measure-
ments. Calculated peak residual hoop stresses for all three were
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Figure 2.11. Comparison between measured velocities in 2C4 grout at a
range of 1.90 cm and a calculation using the RDD constitutive
models with V_ corresponding to the crush pressure, § equal
to 0.2 usec, 4nd 1.8 percent air-filled porosity.
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Comparison between measured velocities in 2C4 grout at a

range of 1.90 cm, and a calculation using the RDD constitutive
models with V. corresponding to a pressure of 1.0 Kb, § equal
to 1.0 usec, and 1.8 percent air-filled porosity.
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Figure 2.13. Comparison between measured velocities in 2C4 grout at a
range of 1.90 cm and a calculation using the RDD constitutive
models with Vo corresponding to a pressure of 1.5 Kb, § equal to
1.0 usec, and 1.8 percent air-filled porosity.
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within 2 percent of the results of Figure 1.5, except for Figure 2.13,
which was within 7 percent. It appears from these results that the
residual stress peaks are less sensitive to modeling changes than are
the velocity pulses.

n 2.6  UNIQUENESS?

The best fit results of Figures 1.1 - 1.5 were computed using

the revised JWL coefficients for the PETN explosive, given in Table 2.1
and discussed in Section 2.1 , As part of the study of the sensitivity
of the results to choice of constants in the RDD constitutive models,
we repeated our best calculation with the origina! JWL coefficients.
The higher initial source gave slightly wider velocity pulses and
higher peak velocities than the measurements. When this calculation
was repeated with one significant change, a doubling of the coefficient
6 governing the relaxation time to 2.0 usec, the results shown in
Figures 2.14-2.17 were obtained. Except for the higher peak velocities

at the two closest ranges, the velocity results are as good as those

in Figures 1.1-1.4. Figure 2.18 shows the calculated residual stresses
which are quite similar to these shown in Figure 1.5. Thus, the RDD
model gives a reasonable simulation of the particle velocity data for
both descriptions of the HE source with only a change in the coeffi-
cient §. We chose to use the revised JWL coefficients due to the
better match to in-close peak velocities shown in Figure 2.1,

The RDD models are a conglomeration of the more successful of
previously tested constitutive models. We have attempted without
success to attain as good agreements with the measured velocities as
given in Figures 1.1 - 1.4 by making major changes in those constants
of the RDOD model which are not verifiable by laboratory material
properties data. This, of course, does not prove the uniqueness of
our models. We next considered removing some elements of the
constitutive models to see whether successful simulations are still
possible. Since the consequences of shear modulus reduction due to
damage (wider positive and negative velocity pulses) are largely the
same as those of stress relaxation, this was the obvious choice.
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Figure 2.14,

Comparison between measured velocities in 2C4 grout at
1.27 cm and a calculation using the RDD constitutive models

with § equal to 2.0 usec and the original JWL coefficients
for PETN.
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Figure 2.15.

Comparison between measured velocities in 2C4 grout at

1.90 cm and a calculation using the RDD constitutive models
with § equal to 2.0 usec and the original JWL coefficients
for PETN.
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Figure 2.16. Comparison between measured velocities in 2C4 grout at 2.54 cm
and a calculation using the RDD constitutive models with

§ equal to 2.0 usec and the original JWL coefficients for
PETN.
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Figure 2.17.

Comparison between measured velocities in 2C4 grout at
4.0 cm and a calculation using the RDD constitutive models
with 6 equal to 2.0 usec and the original JWL coefficients
for PETN.
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Figure 2,19 shows the results of a calculation using the RDD
constitutive models and constants without shear modulus reduction due
to damage. Both positive and negative pulses are too narrow and the
calculated cavity radius is 5 percent smaller than the measurements.
This revised constitutive model was next normalized to the particle
velocity data by reducing & from 1.0 to 0.4 usec in order to give a
faster stress relaxation to lower stress states. Figures 2.20 - 2.23
show the results of this normalization. Figures 2.24 - 2,27 show the
results of another calculation in which the particle velocities were
normalized by reducing & to 0.6 usec and enlarging the damaged core
with Vc corresponding to 1.0 Kbar peak pressure rather than the 1.5
Kbar peak pressure used previously.

Both solutions give a satisfactory match to the particle velocity
data at 1.90 cm (Figures 2.21 and 2.15) although not as good as our
best fit using the complete RDD model. Agreement is worse at the two
larger ranges. Both solutions give the measured cavity radius within
1 percent. Calculated peak residual hoop stresses are almost the same
in the two solutions and both are only 8 percent higher than the peaks
in our best fit calculation with the complete RDD model.

Although we did not obtain the superb agreement shown in Figures
1.1 - 1.4, the solutions without shear modulus reduction may be
considered acceptable simulations of the particle velocity data. Thus
we have shown that the particle velocity data does not uniquely specify
a constitutive model for 2C4 grout. To uniquely specify a model,
stress data is required in addition to velocity data. What then is
the significance of the modeling exercise described in this chapter.
Of first importance, the particle velocity data has placed severe
constraints on the choice of constitutive models (and material proper-
ties), eliminating many models including the simple constitutive models
used to predict peak velocities and stresses in tuff. Also, we have
determined the features of the constitutive models which are essential
to a successful simulation of the particle velocity data for 2C4 grout
and inferentially for real earth materials. These are: (1) A strength
higher than given by the laboratory static failure measurements, needed
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Figure 2.19. Comparisons between measured velocities in 2C4 grout

at a range of 1.90 cm and a calculation using the RDD
constitutive models (6 equal to 1 usec and V_ corresponding
to a pressure of 1.5 Kb) without shear modulfis reduction
due to damage.
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Comparison between measured velocities in 2C4 grout at a
range of 1.27 cm and a calculation using the RDD constitutive
models without shear modulus reduction due to damage, & equal
to 0.4 usec and Vc corresponding to 1.5 Kb pressure.
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Figure 2.21. Comparison between measured velocities in 2C4 grout at
‘a range of 1.90 cm and a calculation using the RDD
constitutive models without shear modulus reduction due
to damage, 6 equal to 0.4 usec and Vc corresponding to 1.5 Kb
pressure,
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Figure 2.22. Comparison between measured velocities in.2C4 grout at
a range of 2.54 cm and a calculation using the RDD
constitutive models without shear modulus reduction due
to damage, § equal to 0.4 usec and Vc corresponding to
1.5 Kb pressure.
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Comparison between measured velocities in 2C4 grout at a
range of 4.0 cm and a calculation using the RDD constitutive
models without shear modulus reduction due to damage, & equal
to 0.4 usec and Vc corresponding to 1.5 Kb pressure.
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Figure 2.24. Comparison between measured velocities in 2C4 grout at a
range of 1.27 cm and a calculation using the RDD constitutive
models without shear modulus reduction due to damage, & equal
to 0.6 usec and Vc corresponding to 1.0 Kb peak pressure.
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Figure 2.25. Comparison between measured velocities in 2C4 grout at a
range of 1.90 cm and a calculation using the RDD constitutive
models without shear modulus reduction due to damage, § equal
to 0.6 usec and Vc corresponding to 1.0 Kb peak pressure.
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Figure 2.26. Comparison between measured velocities in 2C4 grout at a
range of 2.54 cm and a calculation using <he RDD constitutive
models without shear modulus reduction due to damage, S equal
to 0.6 wusec and Vc corresponding to 1.0 Kb peak pressure.
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Figure 2.27.
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Comparison between measured velocities in 2C4 grout at 2
range of 4.0 cm and a calculation using the RDD constitutive
models without shear modulus reduction due to damage, & equal
to 0.6 usec and Vc corresponding to 1.0 Kb peak pressure.
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to retard cavity growth and sufficiently narrow the positive velocity
pulse, (2) A much lower strength after shock passage (pore crushup)
to provide a weaker central core of grout, and therefore a wide
negative velocity pulse, and (3) a prescription for the reduction in
strength from (1) to (2).

We have also found that the different models and “material
properties" which successfully simulate the particle velocity data in
2C4 grout all give approximately the same cavity radius and residual
stress fields. Thus the primary features of interest to containment
may be calculated with any of the successful models.

The RDD constitutive models, since they include rate dependent
effects (both strain rate dependent strength increases and time depen-
dent stress relaxation), introduce "size" effects into the calculations
that were not present with the constitutive models used in the past.
Calculational results at one explosive yield may not now be simply
scaled (cube root of yield scaling of linear dimensions and timcs) to
give results at a different yield unless we make the unwarranted
assumption that "material properties" of the grout such as & or the
coefficients of the strain rate increases in strength, fl’ fz and
f3, depend upon the magnitude of the explosive. At nuclear yields,
since strain rates are much lower (at a scaled range from the explo-
sive) than for the grout spheres experiments, increases in strength
may be negligible. Also, since shock loading times in a nuclear event
are very large compared to & (a few microseconds), the stress relaxa-
tion to the damaged failure surface could be considered to occur
instantaneously. Thus some of the simple models used in the past may
still be relevant to nuclear events once some form of stress relaxation
is included.

In the next chapter, we introduce yet another constitutive
model, the effective stress model, which also has the essential
features (1) - (3) needed to simulate the particle velocity data for
2C4 grout. This model gives excellent agreement with the measured
velocities and since it is rate independent, can be simply scaled from
one explosive yield to another.
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SECTION 3
EFFECTIVE STRESS MODELS FOR 2C4 GROUT

Here, we discuss numerical simulations of the particle velocity
data from the 2C4 grout experiments using yet another constitutive
model, the effective stress model developed by Cherry and Rimer. A
purely experimental test is proposed to determine the validity of the
effective stress model versus the RDD model for the grout spheres
tests.

3.1 THE EFFECTIVE STRESS MODEL

In porous, permeable, partially saturated rocks, an increase of
pore fluid pressure has been shown by many experimenters (see Heard,
Reference 23) to drastically lower the failure strength. Garg and Nur
(Reference 24) used this result to express the strength as a function
of the "effective" stress applied to the sample, i.e.,

Y = Flog; = Pe &55)
where 943 represents the externally applied stress, Pf the pore
fluid pressure and 51j is the Kronecker Delta. In this "effective
stress law" formulation, the increases in strength due to external
stresses (confining pressure) are ameliorated by the buildup in pore
fluid pressure when fluid is present in the rock.

Cherry and Peterson (Reference 25) first used the effective
stress concept to successfully match explosively induced ground motion
in blocks of grout. They assumed that during shock passage the correct
strength was the dry strength of the grout (to which a strain rate
dependent strength increase was added) and used a Maxwell solid
formulation to relax between the dry strength and the much lower wet
strength obtained from an effective stress law. Cherry and Rimer
(Reference 22) later coupled the rate dependent Maxwell solid stress
relaxation from the dry to the saturated strength with the removal of
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all air-filled porosity for NTS rocks such as granodiorite, rhyolite,
tuff, and alluvium,

More recently, Cherry and Rimer (Reference 5) have removed the
rate dependence from their model by replacing the Maxwell solid formu-
lation with a direct estimate of the pore fluid pressure, based on the
amount of irreversible crushup of air-filled porosity. The resulting
effective stress model thus allows simple scaling with the cube root
of yield. In this model, the maximum stress difference Y remains a
function of P, (see Section 2,2), now defined as an effective P by

= 1/3
where

S =P - Pf

eff
is the effective pressure. The effective pressure is defined as a
function of the parameter a from the P-a void crushup model. The
distension ratio o is a function of the air-filled porosity bA given
by

G=T‘__TA

and decreases from some initial value (greater than 1) down to 1.0
when all air-filled porosity has been irreversibly crushed up.

At the crush pressure (a = 1.0), Peff is set to zero or equiva-
lently, the pore fluid pressure Pf is assumed to be in equilibrium
with the mean stress in the rock. Through the dependence of the
strength Y upon P, this directly gives the saturated strength of the
rock.

Below some peak elastic pressure Pe (100 bars in Figure 2.2)
where a is greater than ags pore fluid pressure is assumed to be




"

negligible so that Peff is set to the mean stress P, thus giving the
dry strength of the rock.

At intermediate states (1 < a < ae) the effective stress is
defined by

l -a
eff =P~ Pg= (I-Te)”

P
to give failure surfaces intermediate between the dry and saturated
surfaces.

The effective stress model as described above requires much less
additional material properties data than the complicated RDD model.
Only a determination of the dry failure surface (Pf = 0 inside the
sample) is needed. In the next section, we present numerical results
for 2C4 grout made using the effective stress model.

3.2 RESULTS FOR 2C4 GROUT

Cherry and Rimer (Reference 5) first applied the effective
stress model to successfully match the particle velocity data and
measured cavity radius from the Piledriver event in NTS granodiorite.
They next applied this model to successfully simulate the velocity
data and cavity radii from the 2C4 grout spheres experiments. Best
results were obtained using a dry failure surface slightly greater
than the sloped surface of Section 2.2 and given by

Y =0.09+1.6P (Kb)
The maximum dry strength was set to 1.0 Kb, much greater than given by

the laboratory measurements (shown in Figure 2.3) at some unspecified
(non-zero) pore pressure. The effective stress law was applied during

shock loading as well as on unload.
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Figure 3.1 shows the agreement between the velocity measurement
at 1.90 cm and this effective stress law calculation. Except for the
larger peak velocity and slightly narrower negative pulse, these
results are as good as those in Figure 1.2 using the RDD model. The
larger peak velocity may indicate the need for some rate dependence
under the very rapid loading conditions of these small scale tests.

For the RDD models, stress relaxation was not permitted during
the time of shock loading which is controlled by non-physical numerical
effects such as artificial viscosity. For 2C4 grout, the velocity
results using the RDD models were largely insensitive to whether stress
relaxation was permitted on loading. (This was not true for the high
porosity LD2C4 grout in which loading times were much greater).

A simulation was made with the identical models to Reference 5
except that the pore pressure was allowed to increase only after shock
loading was complete. The calculated particle velocities, shown in
Figure 3.2, are similar to those of Figure 3.1 but with slightly
narrower pulses and significantly smaller peak velocities in better
agreement with the measurements. Without the pore fluid pressure
buildup during loading, the grout elements had experienced the larger
dry strength and therefore did not yield. We next repeated this
calculation (no pore pressure buildup on loading) with a slightly
lower dry strength given by

Y = 0.055 + 1.6 P (Kb)

with the same maximum dry strength of 1.0 Kb. The straight line
portion of this failure surface is identically that used for 2C4 grout
in the RDD calculations. Although the dry strength is only slightly
lower than from Reference 5, the wet (saturated) strength at zero P is
40 percent lower, Figure 3.3 shows the wider negative velocity pulse
at 1,90 cm in much better agreement with the measurements. Figures
3.4, 3.5, and 3.6 show the agreements at 1.27, 2.54 and 4.0 cm
respectively. Overall these agreements are about as good as our best
simulation for 2C4 grout using the RDD constitutive models.
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Figure 3.1. Comparison between measured velocities in 2C4 grout and
effective stress law simulation at 1.90 cm (from Cherry
and Rimer, Reference 25).
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Figure 3.2. Comparison between measured velocities in 2C4 grout and
effective stress law calculation at 1.90 cm (no pore
pressure buildup on loading).
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Figure 3.3. Comparison between measured velocities in 2C4 grout and
best fit effective stress law calculation at 1.90 cm
(no pore pressure buildup on loading).
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Figure 3.4, Comparison between measured velocities in 2C4 grout and
best fit effective stress law calculation at 1.27 cm.
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Figure 3.5.

Comparison between measured velocities in 2C4 grout and
best fit effective stress law calculation at 2.54 cm.
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Figure 3.6. Comparison between measured velocities in 2C4 grout and
best fit effective stress law calculation at 4.0 cm.
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Figure 3.7 shows the residual stresses calculated using the
effective stress model. These should be compared with the residual
stresses calculated using the RDD models and shown in Figure 1.5,
Peak hoop stresses occur at nearly the same radius and differ in
magnitude by only 10 percent., In fact the major difference between
the two is in the much smaller separation between hoop stress and
radial stress near the cavity from the RDD calculation, due to the
very low minimum damaged strength of 10 bars there.

It is gratifying that, although two very different constitutive
models may be employed to match the particle velocity data, both give
similar containment features such as residual stress fields and cavity
radii. We believe that this shows the value of good particle velocity
data as a discriminant of constitutive models for containment calcula-
tions. This velocity data led us to constitutive models which have
three important features in common;

(1) A strength higher than given by the laboratory static
failure measurements needed to retard cavity growth and
sufficiently narrow the positive velocity pulses. This is
accomplished in the RDD constitutive models using strain
rate dependent increases in strength and in the effective
stress model by using a dry strength (zero pore fluid
pressure).

(2) A much lower strength after shock passage (pore crushup -
shock damage) to provide a weaker central core of grout
and therefore a wide negative pulse, accomplished using a
damaged strength in the RDD models and a wet strength in
the effective stress law.

(3) A prescription for the reduction in strength from (1) to
(2), i.e., the rate dependent Maxwell solid stress relaxa-
tion in the RDD models or the pore fluid buildup in the
effective stress law.
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In the final analysis, the only way to develop a unique
constitutive model is to obtain both stress and particle velocity
measurements in the experiments. Nevertheless, a purely experimental
test, based on the very different scaling properties of the two
constitutive models presented here, can be made to determine the
validity of one of the two models for the small scale grout spheres
experiments. We propose such an experimental test in the next section.

3.3 A PROPOSED GROUT SPHERES SCALING EXPERIMENT

Since the effective stress model is rate independent, calcula-
tional results at one explosive yield (in spherical symmetry) may be
simply scaled to any other yield using cube root of yield scaling of
all distances and times. Therefore, a 2C4 grout test using a 3 gm
charge of PETN (a factor of eight in yield) should give, for example,
a particle velocity pulse at a range of 8.0 cm identical to the pulse
at 4.0 cm from the 3/8 gm charge. Of course, all time durations in
the velocity pulse for the larger yield should be stretched out a
factor of two relative to the smaller yield.

For the rate dependent RDD models, however, simple scaling does
not apply unless some of the "material properties" of the grout needed
for these constitutive models are scaled as well. The relaxation time
related § of 1.0 psec must be changed to 2 usec to scale for the
example given above. Also, the strain rates for the larger charge
would be expected to be a factor of two lower so that the coefficients
defining the strain rate dependent increases in strength must be
changed. Since it is totally unrealistic to have constitutive models
with material properties which are dependent upon the external loading
(excluding size effects, jointing, etc. for an inhomogeneous material
macroscopically), we may assume that the calculational results using
the RDD models do not simply scale.
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An experimental test of the importance of these rate effects in
the small scale grout spheres may allow us to choose between the two
constitutive models. Therefore, we propose several 3 gm charge tests
in 2C4 grout in the standard SRI configuration (to attain reproducible
data). To insure scaling of the source, the thickness of the lucite
(and homolite) shell should be made a factor of two larger as well.
Particle velocity gauges should be emplaced at scaled ranges of 2,54,
3.80, 5.08, and 8.0 cm so that comparisons may be made with the
standard 3/8 gm tests, one of which should be repeated with the same
2C4 grout batch as used in the 3 gm tests. If the scaled velocity
pulses are the same, then rate dependent effects are not significant
even for the high strain rates of these small scale tests. If these
effects are not important here, they certainly should not matter at
the much lower strain rates at the same scaled ranges in a nuclear
test. However, if the experiments do not simply scale, this has
important consequences for the future SRI tests on samples of Sandia
ONE TON tuff.

Note that the proposed test is a purely experimental test of the
importance of rate effects, requiring no assumptions about the validity
of any particular constitutive model. We have, however, used the RDD
constitutive models to predict the particle velocities at the scaled
ranges listed above and so determined that the factor of eight in
yield is sufficient to clearly see the rate effects as given by the
model. Four finite difference calculations were made, investigating
the effects of lucite thickness and calculational zone size on the
scaling.

Figures 3.8-3.11 are our predicted particle velocities for the
3 gm test using the RDD constitutive models shown together with the
measured velocities from the 3/8 gm tests simply scaled to 3 gm. We
assumed that the proposed 3 gm tests would be detonated in the standard
water tank so that arrivals from the water and the walls of the tank
would contaminate the particle velocities much earlier in the pulse at
the same scaled ranges. At the largest range of 8.0 cm, (Figure 3.8)

1
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Predicted particle velocities at 8.0 cm for the proposed
3 gm charge test in 2C4 grout using the RDD models
together with the measured velocities from the standard
tests scaled to 3 gm.
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Figure 3.9. Predicted particle velocities at 5.08 cm for the proposed
3 gm charge test in 2C4 grout using the RDD models
together with the measured velocities from the standard

tests scaled to 3 gm.
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Figure 3.10. Predicted particle velocities at 3.80 cm for the proposed
3 gm charge test in 2C4 grout using the RDD models
together with the measured velocities from the standard
tests scaled to 3 gm.
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Figure 3.11. Predicted particle velocities at 2.54 cm for the proposed
3 gm charge test in 2C4 grout using the RDD' models
together with the measured velocities from the standard

tests scaled to 3 gm.
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the pulse is useful for comparison with the scaled measurements only
to about 70 usec, while in closer the useful pulses last somewhat
longer in time. Nevertheless, the calculated pulses certainly show
the influence of rate effects when compared to either the measurements
or to the RDD model calculations shown in Figures 1.1-1.4. Figures
3.9-3.10 in particular show calculated velocities that clearly differ
from the simply scaled measurements by much more than the scatter of
the measurements.

Tensile failure was noted in this calculation at a radius of
10-11 cm at approximately 50 usec, a result which very nearly scales
from the standard 3/8 gm charge calculations. However, for the 3 gm
charge, (unlike the standard configuration) tensile fractures propa-
gated out to the outer radius of the grout sphere by a time of 60 usec.

- Thus, the sphere is unlikely to survive intact long enough for hydro-

fracture measurements to be made.

This finite difference calculation was made assuming that the
thickness of the lucite and homolite shell around the charge was
doubled from the standard configuration. Grid zone sizes in the grout
for this calculation were not scaled from the standard configuration
but rather were replaced if they were within the larger initial radius
of the lucite. We repeated this calculation, simply scaling up the
rate dependent material properties so that the results should scale
from the best fit simulations of Figure 1.1-1.4 if the different grid
zoning had no influence. Figures 3.12-3.15 show the results of this
calculation with scaled material properties. Except for a slight
increase in peak velocities, the results agree well with Figures
1.1-1.4 (scaled) until arrivals from the water tank contaminate the
pulses.

The lucite thickness does significantly effect the velocity
pulses. Figure 3.16 shows the results of a calculation again scaling
material properties to remove rate dependence but using the original
lucite thickness. Comparison with Figure 3.13 at the same range shows
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Calculated particle velocities at 2.54 cm for the
proposed 3 gm charge in 2C4 grout using the RDD
constitutive models with scaled material properties.
Measured velocities from the standard 3/8 gm tests are
shown scaled to 3 gms for comparison.
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Figure 3.13. Calculated particle velocities at 3.80 cm for the
proposed 3 gm charge in 2C4 grout using the RDD
constitutive models with scaled material properties.
Measured velocities from the standard 3/8 gm tests are
shown scaled to 3 gms for comparison.
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TIME (SEC) *10°*

Calculated particle velocities at 5.08 cm for the
proposed 3 gm charge in 2C4 grout using the RDD
constitutive models with scaled material properties.
Measured velocities from the standard 3/8 gm tests are
shown scaled to 3 gms for comparison.
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Calculated particle velocities at 8.0 cm for the
proposed 3 gm charge in 2C4 grout using the RDD
constitutive models with scaled material properties.
Measured velocities from the standard 3/8 gm tests are
shown scaled to 3 gms for comparison.
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Figure 3.16. Calculated particle velocities at 3.80 cm for the 3 gm
charge in 2C4 grout using the RDD constitutive models
with scaled material properties and the same lucite
thickness as the standard 3/8 gm tests,
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higher peak velocity and a wider pulse when less lucite is available
to attenuate the explosive. Figure 3.17 shows calculated velocities
at the same range for the thin lucite case, this time without scaling
up material properties. Comparison with Figure 3.10 (the predicted
velocities for the proposed test) again indicates larger peak velocity
and a wider pulse. We therefore recommend that the lucite case and
surrounding epoxy should be exactly doubled in thickness for the
proposed 3 gm tests.
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Figure 3.17. Calculated particle velocities at 3.80 cm for the 3 gm
charge in 2C4 grout using the RDD constitutive models
and the same lucite thickness as the standard 3/8 gm tests.
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SECTION 4
CONSTITUTIVE MODELS FOR HIGH POROSITY LD2C4 GROUT

The low density, high air-filled porosity grout (LD2C4), intended

to simulate porous alluvium, was made at SRI by blending approximately
the standard 2C4 rock-matching grout mix with a specified amount of
Q-CEL microspheres which encapsulate air in hollow spherical shells
derived from inorganic silicate. Cizek and Florence (Reference 13)
reported physical properties measurements for this grout which indicate
13.4 percent air-filled porosity and slightly lower unconfined strength
and wave speeds than for 2C4 grout.

The LD2C4 grout was hydrofractured from the explosively formed
cavities as well as from unexploded (cast) spherical cavities. The
measured fracture initiation pressures from the exploded configuration
showed no increase when compared with fracture initiation pressures
from the unexploded configuration, indicating that the compressive
residual stress fields around the dynamically formed cavities were
negligible at the time of hydrofracture. This result may be inter-
preted either as indicating that no significant compressive residual
stress fields are explosively formed in this high porosity material or
that the residual stress fields formed around the cavity decay rapidly
with time. 1In either case, the experimental result brings into ques-
tion the residual stress concept as a containment mechanism for the
hot cavity gases from nuclear events in high porosity materials such
as alluvium, with the caveat that the peculiar structure of the air-
voids in LD2C4 grout may make this material a poor simulant of
alluvium,

In order to provide reproducible data so that a numerical consti-
tutive model for LD2C4 grout may be validated to calculate residual
stress fields around the explosively formed cavities for comparison
with the hydrofracture results, Cizek and Florence (Reference 6) have
measured particle velocities in LD2C4 from standard 3/8 gm PETN explo-
sive charges. Here we discuss successful simulations of the LD2C4
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particle velocity data using both the RDD and effective stress consti-
tutive models. We begin with a description of the laboratory material
properties data for LD2C4 and of the detailed material properties
needed for the calculation of particle velocities and residual stress

fields using the RDD models. (The simulated velocities have been
shown in Figures 1.6-1.10.)

Laboratory measurements of the pressure-volume response of LD2C4
(the crush curve) were not available until later so that a dynamic
crush curve was backed out from the particle velocity data. The
sensitivity of the calculated particle velocity records to not easily
measured details of the crush curve is discussed in detail. Subsequent
laboratory measurements of the air void crush-up at Terra Tek (Refer-
ence 7) are described which are in excellent agreement with the crush
curve derived from the particle velocity data.

4.1 MATERIAL PROPERTIES FOR LD2C4 GROUT

The rate and damage dependent (RDD) constitutive models des-
cribed in Section 2.5 require a number of "material properties"
(relaxation times, damage parameters, strain rate dependent strength
increases, etc.) not easily measured in the laboratory in addition to
the usual set of material properties (physical properties, air void
crushup, wave speeds, strength). Table 4.1 gives the more standard
material properties used for the "best fit" RDD model simulation of
the LD2C4 particle velocity data (Figures 1.6-1.10), together with the
SRI material properties measurements from which they were derived.

Also given in Table 4.1 are the material properties measurements at
Terra Tek (Reference 7), made available after the numerical simulations
had been completed. The only major difference between the SRI measure-
ments and the material properties used in the calculations is in the
choice of Poisson's ratio which impacts the bulk and shear moduli and
the shear wave speed. This will be discussed later.

The P-a porous rock crushup model discussed in Section 2.3 with
a polynomimal equation of state was used to describe the pressure-
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TABLE 4.1, MATERIAL PROPERTIES FOOR

Calculation
Property RDD Model (Best Fit)
Density (gm/cc) 1.921
Air-filled porosity (%) 13.4
Bulk Modulus (Kb) 120
Shear Modulus (Kb) 51
Longitudinal
Wave Speed (m/s) - 3129
Shear Wave Speed (m/s) 1629
Poisson's ratio 0.314
Maximum stress
difference (Kb) 0.22

Unconfined compressive

strength (Kb)

Static 0.22
At strain rate of 0.15 sec-l 0.29

Tensile strength from
Brazil Test (Kb)

Static 0.031
At strain rate of 0.15 sec-! 0.06
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3130 3210
1780 1730
0.26 0.295
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volume behavior of a rock element. In the absence of laboratory load-
unload data to characterize the void crushup of LD2C4 grout a parameter
study was made to examine the influence of the shape of the crush curve
on the particle velocity pulses. This resulted in the crush curve
shown in Figure 1.11 (the solid curve) in which the pressure of the
material without voids (the unload curve) is given by

P = 202 u + 288 u (Kb)

which is the identical expression used for 2C4 grout. The later
uniaxial strain load-unload data from Terra Tek (Reference 7) shown
dotted in Figure 1.11 agreed very well with our derived crush curve.

For the RDD model calculation, the static failure surface for
undamaged LD2C4 grout was chosen to give good agreement with the mea-
sured unconfined compressive strength and tensile strengths. A maximum
stress difference of 0.22 Kb, equal to the unconfined strength, was
used in the absence of laboratory data. Later measurements at Terra Tek
indicated that 10 to 25 percent higher values are more appropriate.

As for 2C4 grout, for strain rates greater than 0.001 sec"1
strain rate dependent increases in strength are imposed upon the
static failure surface, giving

Y =0.085 f; *+1.5¢f,P (Kb)

2

Y <= 0.22 f3 (kb)

ma
where
f1-1+0.20€
f2 =1 -0.424 ¢
f3 =1+0,20¢
and
E = 10910 {radial strain rate/0.001)
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A1l damage and relaxation phenomena are normalized through the
choice of VC, the reference specific volume, which, as described in
Section 2.5, determines the dependence of the damage function fR
upon peak pressure and therefore the size of the damaged central core.
The best match to the particle velocity data from LD2C4 grout occurs
when Vc corresponds to the 0.6 Kb pressure level in the solid crush
curve of Figure 1.11.

The damaged strength, YR’ at Vc is defined by

Yp = 0.022 + 1.5 P (Kb)
Yo = 0.10 (Kb)
max

Further reduction in YR is allowed until a minimum strength of 0.01
Kb is reached. Maxwell solid deviatoric stress relaxation to the
damaged strength YR is controlled by the time relaxation coefficient
8, set equal to 0.5 usec. Use of a higher Ymax’ as given by the
Terra Tek measurements of Table 2.1 would necessitate a slightly
smaller § to match the velocity pulse widths for LD2C4. Once again,
deviatoric stress relaxation is not permitted until shock loading has
been completed.

Shear modulus is assumed to decrease linearly with damage from
51 Kb down to 10 Kb as fR increases to 1.0 (at Vc). Continued
reduction is allowed for larger fR until a minimum shear modulus of
5 Kb is reached.

The "best fit" results of Figures 1.6-1.10 are relatively
insensitive to small changes in some of the above material properties.
In particular, shape of the velocity pulses is not changed by strength
variations (Ymax’ 8). However increased strength (or increased s)
does narrow the pulses and reduces peak velocities slightly. Once the
reference specific volume vc was normalized, the velocity pulses
were found to be most sensitive to small details of the crush curve.
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4.2 THE INFLUENCE OF CRUSH CURVE UPON PARTICLE VELOCITY

Figure 1.11, the crush curve for LD2C4 grout developed using the
RDD constitutive models, has the characteristic shape expected for dry,
porous alluvium, i.e., a flat portion in which the bulk of the air-filled
porosity is crushed up at relatively low pressures and a steeper position
in which the spherical pores of the matrix material (tuff, paleozoic, etc.
are removed, For LD2C4, there is photographic evidence of some uncrushed
microballoons posttest. However, we believe that the bulk of the micro-
balloons are crushed up by 0.6-1.0 Kb, Contrast the LD2C4 crush curve
with that of the 2C4 grout (Figure 2.2), characteristic of saturated
tuff, in which the flat portion is probably not present under overburden
pressure. (Some laboratory core samples do show a flat portion at low
pressures which probably represents easily crushed crack porosity due to
removal of the overburden). Velocity pulses in the high porosity grout
are characterized by a precursor shape which is very sensitive to details
of the low pressure crushup.

The major difference between 2C4 and LD2C4 is in the more rapid
attenuation of peak velocity and stress with range for the high porosity
grout. In Figure 1.11, arrows indicate the approximate values of peak
pressure calculated at the four gauge locations (1.27, 1.90, 2.54, and
4.0 cm.) At station 1 (1.27 cm), where peak pressure is greater than 2.0
Kb, the velocity pulse does not depend on the shape of the crush curve at
low pressures. In this respect, the results at station 1 for LD2C4 are
similar to the results for 2C4 grout at all four stations. (At station 4
for 2C4 grout, where peak stress is 0.55 Kb, and peak pressure is 0.25
Kb, peak velocity may be changed slightly by altering the shape of the
crush curve of Figure 2.2). The peak stress at station 1 for 2C4 is
calculated to be about 6 Kb. However, the peak velocity at station 1 for
LD2C4 is greater than for 2C4 due to the lower dynamic strength used for
LD2C4, At all other stations, peak velocity is much lower for LD2C4 and
occurs along the relative flat portion of the crush curve. At station 4,
the peak velocity occurs at a pressure of only 110 bars, just above the
assumed elastic knee of the crush curve at 100 bars. The assumption of
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an elastic pressure, slightly greater than the applied overburden of 69
bars, is a calculational convenience that may not be realistic.

At stations 2-4, the velocity pulses for LD2C4 are very dependent
upon the shape of the crush curve, particularly the shape near where peak
loading occurs for the station. As an example, consider the dotted curve
of Figure 1.11, approximating the Terra Tek uniaxial strain load-unload
(Reference 7), which differed significantly from the crush curve derived
from the velocity data only between 0.4 and 0.8 Kb. Figures 4.1-4.4 show
the particle velocities calculated with the RDD models using the measured
crush curve, For these calculations, the reference specific volume Vc
which controls damage and stress relaxation was not changed. However it
is reached at 0.46 Kb rather than 0.6 Kb for the "best fit" simulation
shown in Figure 1.6-1.9.

At 1.27 cm, the velocity pulse is almost identical to Figure 1.6.
However, at 1.90 cm (station 2), peak velocity is 6 percent lower due to
the greater attenuation at these stress levels. At 2.54 cm, (station 3),
peak velocity is about 6 percent lower because of the closer-in attenu-
ations, even though the crush curve is unchanged at these stress levels.
The simulations using this measured crush curve are overall in slightly
better agreement with the measured velocities . Note that the precursors
at all four stations, which are controlled by details of the low pressure
portion of the crush curve, are the same for both simulations. At
station 4, the peak velocity is at the precursor.

For our numerical simulations, the crush (loading) curve is
represented by a series of data points (pressure vs. specific volume)
with corresponding values of a. Linear interpolation is used to deter-
mine loading states between data points. The smoothness of the calcu-
lated velocity pulses is somewhat dependent upon the number of data
points chosen, Table 4.2 lists the crush curve points used for the "best
fit" simulation of Figures 1.6-1.9 and the two changes in this data set
made to represent the later laboratory measurements at Terra Tek in the
simulation of Figures 4.1-4.4,
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Figure 4.1. Comparison between measured particle velocities at 1.27 cm
in LD2C4 grout and a calculation using the RDD constitutive
models and the measured crush curve.
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Figure 4.2,

Comparison between measured particle velocities at 1.90 cm
in LD2C4 grout and a calculation using the RDD constitutive
models and the measured crush curve.
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Figure 4.3.

Comparison between measured particle velocities at 2.54 cm
in LD2C4 grout and a calculation using the RDD constitutive
models and the measured crush curve.
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Figure 4.4, Qomparison between measured particle velocities at 4.0 cm
in LD2C4 grout and a calculation using the RDD constitutive
models and the measured crush curve,
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Table 4.2 will be used to show the influence of crush curve shape
and, in particular, the low pressure end of the crush curve, upon
different features of the particle velocity pulses. We have already
given an example of how a change in shape at higher pressures (specific-
ally a lowering of the crush curve to give more void crush up at 0.6 Kb)
can influence peak velocities behind the precursor. In this discussion,
we will concentrate on the velocity pulse at 2.54 cm where because of
their relative magnitudes, changes in both the precursor and velocity
peak are easily visible,

Figure 4.5 shows the particle velocity at 2.54 cm from a calculation
using the "best fit" crush curve of Table 4.2, but with 20 percent higher
strain rate dependent increases in strength., When compared with Figure
1.8, we note the narrower positive pulse and slightly higher peak velo-
city and precursor velocity. We emphasize again that strength increases,
while primarily narrowing pulses, do, in general, decrease peak veloci-
ties. However, at individual stations where stress levels are low, such
as shown in Figure 4.5, the complex interactions between void crushup
effects and yielding during loading sometimes result in slightly higher
velocities. At stations 1 and 2 in the calculation, peak velocities were
lower than for the "best fit" results.

In Figure 4.5, we have labeled three points of interest on the
velocity pulse at 2.54 cm, Points 11 and 12 correspond to crush curve
points 11 and 12 of Table 4.2 and point Y is where yielding occurs for
the first time at this location. The effects of yielding and of loading
to a lower slope in the crush curve are similar, both result in an
increased slope in the velocity pulse. The slopes of segments Y-12,
12-11, and 1l-peak velocity in Figure 4.5 are controlled by the respec-
tive slopes in the loading curve. The precursor velocity is reached
somewhere between points 12 and 13 on the loading curve and is controlled
largely by the elastic constants of the grout (bulk modulus, shear
modulus) and by the slope between points 12 and 13. Reduction of the
elastic pressure (point 13 in Table 4.2) by itself does not significantly
change the precursor velocity if the slope between points 12 and 13 is
maintained constant,
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Figure 4.5. Comparison between measured particle velocities at 2.54 cm ;
in LD2C4 grout and a calculation using the RDD constitutive j
models and "best fit" crush curve (Table 4.2) with 20
percent higher values of strain rate coefficients f; and
f3. Points 11 and 12 refer to the crush curve and point Y
to where yielding first occurs.
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If the undamaged shear modulus of the grout is increased (from 51 Kb)
while maintaining the longitudinal wave speed constant, i.e., reducing the
bulk modulus and, therefore, the slope of the loading curve between points
13 and 14, the precursor velocity is reduced even if the slope between
points 12 and 13 is maintained. This tends to reduce the magnitudes of
the entire positive velocity pulses at 2.54 and 4.0 cm. Shear modulus
increases also result in narrower pulses at all four stations.

Figure 4.6 shows another example of a crush curve variation influ-
encing the velocity at 2.54 ¢cm. For this calculation, the pressure at
point 10 was lowered from 0.40 to 0.35 Kb, (in Figure 1.11, the slope
corresponding to station 3 (2.54 cm) is lowered), while all the other
pressures and specific volumes and material properties remained the same
as in Table 4.2 and Figure 4.5. This resulted in a general attenuation of
the velocity pulse in Figure 4.6 when compared to Figure 4.5 and a similar
attenuation at station 4 (4.0 cm).

Changes in pressure still further down the crush curve are examined
in Figure 4.7. For this calculation, all values are identical to those of
Figure 4.6 except that point 11 of the crush curve has been raised from
0.21 Kb to 0.22 Kb, resulting in less attenuation below this pressure
value (a steeper initial slope between points 11 and 12 in Figure 4.7) and
considerably more attenuation above point 11, resulting in a lower peak
velocity at 2.54 cm., If this pressure was raised still further, to 0.25
Kb, the slope of the velocity pulse would become still steeper near point
12, which would now be pushed to an earlier time, giving far less agree-
ment with the measurements. Even more interesting, the peak velocity at
2.54 cm would be lower and would lie between points 11 and 12, never
reaching the more attenuating portion of the crush curve. Figure 4.8
shows an example of this for slightly different material properties.
Figure 4.9 shows the effect of lowering point 11 to 0.20 Kb. The final
choice of 0.21 Kb, i.e., Figure 4.6, was a compromise between Figures 4.7
and 4.9.
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Figure 4.6. Comparison between measured particle velocities at 2.54 cm
in LD2C4 grout and a calculation using the RDD constitutive
models showing the effect of reducing the pressure from
0.40 Kb to 0,35 Kb at point 10 of Table 4.2.

122




Aaben

8 &

VELOCITY (CM/SEC)
Q

Figure 4.7.

R = 25¢ (CM)

-----------

80 10.0
0°

TIME (SEC)

Comparison between measured velocities at 2.54 cm in
LD2C4 grout and a calculation using the RDD constitutive
models showing the effect of increasing the pressure
from 0.21 to 0.22 Kb at point 11 from the calculation of
Figure 4.6.
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Comparison between measured velocities at 2.54 cm in
LD2C4 grout and a calculation showing the effect of
increasing the pressure at point 11 to 0.25 Kb for
s1ightly different material properties.
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Figure 4.9. Comparison between measured velocities at 2.54 cm
in LD2C4 grout and a calculation using the RDD constitutive
models showing the effect of decreasing the pressure from
0.21 to 0.20 Kb at point 11 from the calculation of
Figure 4.6,
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We have been showing how very small systematic variations in the
pressure at the bottom of the loading curve can alter the velocity pulse
at a representative station. Changes in the specific volume for these
data points can alter the velocity pulse somewhat differently. For
example, small pressure variations at point 11 substantially changed the
slopes of the loading curve both above and below this data point. How-
ever, a change in the specific volume at point 11 from 0.518 to 0.519 is
subtly different in that the slope below this data point is increased
almost 50 percent while above the point it is decreased less than 2.5
percent. Figure 4.10 shows the effect of this change in specific volume
on the velocity pulse at 2.54 cm from the calculation of Figure 4.9. Now
the change in velocity between points 11 and 12 has been lessened rather
than the change between point 11 and the peak. This may alter the
general shape of the velocity pulse at greater ranges.

The figures shown above give simulated velocities which are in
general agreement with the measurements in spite of small perturbations
in crush curve shape. The final crush curve shape (Table 4.2 and Figure
1.11) was arrived at through a trial and error set of calculations which
included large variations in data points which gave velocity pulses very
different from the measurements. We suggest the following guidelines for
simulating velocity pulses in high porosity media. Using the expected
general shape of the crush curve, first attempt to obtain approximately
the correct width of positive velocity pulse by determining a failure
surface. For the RDD models, this involved a choice of reference specific
volume Vc which controls damage. For other constitutive models, it may
involve specification of some relation between void crushup and strength
reduction, The final cavity radius should provide a guide. Next, work
out the detailed crush curve data points beginning at stations closest to
the charge and moving outward, i.e., the higher pressure data points will
be determined first. These probably have to be adjusted only slightly
once the bottom of the crush curve is decided upon.
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Figure 4.10. Comparison between measured velocities at 2.54 cm in LD2C4

grout and a calculation using the RDD constitutive models
showing the effect of increasing the specific volume from
0.518 to 0.519 cc/gm at point 11 from the calculation of

Figure 4.9.
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4,3 EFFECTIVE STRESS CALCULATIONS FOR LD2C4 GROUT

The effective stress model described in Section 3 for 2C4 grout has
been applied to the simulation of the velocity records for LD2C4 grout.
For these simulations, the dry strength, Y, was assumed to be

Y = 0.055 + 1.5 P (Kb)

which is the identical expression used for the static strength in the RDD
model. The maximum strength however was raised from 0.22 to 0.505 Kb to
approximate the dry condition.

Since the pore fluid pressure and therefore the effective strength
of the grout is directly linked to air-void crushup by the functional
form in this model, the shape of the crush curve influences strength as
well as attenuation. The first effective stress calculation for LD2C4
used our approximation of the measured load curve from Terra Tek (see
Table 4.2 and the dotted curve of Figure 1.11). Simulated velocities,
shown for the four stations in Figures 4.11-4.14 respectively, are in
remarkable agreement with the measurements at three of the four stations
especially for a first attempt with a new model. At 2.54 cm, calculated
peak velocity is much lower than the measurement. Very small changes at
the low pressure end of the crush curve, reduction of the pressure from
0.21 to 0.19 Kb at crush curve point 11 (Table 4.2) and a decrease in
specific volume from 0.5201 to 0.5195 cc/gm at point 12, result in the
simulated velocities reported by Cherry and Rimer (Reference 5). These
calculated velocities differ significantly from those shown in Figures
4,11-4.14 only at 2.54 ¢cm. Figure 4.15 shows the calculated velocities
at 2.54 cm (from Reference 5) which are in good agreement with the
measurements. However, calculated peak velocity occurs at too late a
time. It should be noted that the differences between the crush curve
used in this calculation and the measured crush curve is almost certainly
less than the accuracy of the laboratory measurements of this crush curve.
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Figure 4.11. Comparison between measured particle velocities at 1.27 cm
in LD2C4 grout and the velocities calculated using the
measured crush curve (Table 4.2) and the effective stress

model for the first time.
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Figure 4.12. Comparison between measured particle velocities at 1.90 cm j
in LD2C4 grout and the velocities calculated using the ‘
measured crush curve (Table 4.2) and the effective stress
model for the first time.
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Figure 4.13, Comparison between measured particle velocities at 2.54 cm
in LD2C4 grout and the velocities calculated using the
measured crush curve (Table 4.2) and the effective stress
model for the first time,
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Figure 4.14. Comparison between measured particle velocities at 4.0 cm in
LD2C4 grout and the velocities calculated using the measured
crush curve (Table 4.2) and the effective stress model for

the first time.
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Figure 4.15, Comparison between measured particle velocities at 2.54 cm
in LD2C4 grout and the velocities calculated by Cherry and
Rimer (Reference 5) using the effective stress model.
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The calculations described above applied the effective stress model
both during shock loading and subsequent unloading. In line with our
previous work for both 2C4 grout and LD2C4 using the RDD models, and for
2C4 grout using the effective stress model, we also simulated the high
porosity grout velocity data with the assumption that the strength
reductions due to pore fluid pressure buildup occur only on unload.

These calculated velocities are shown for the four stations in Figures
4,16-4.19 respectively. This simulation used the measured crush curve of
Table 4.1 with data point 11 changed in pressure from 0.21 to 0.20 Kb and
in specific volume from 0.518 to 0.5155 cc/gm.

Overall, the calculated velocities are in as good agreement with
the measurements as was obtained using the RDD models (Figures 1.6-1.9).
Far fewer material properties assumptions are required for the effective
stress model than for the complicated rate dependent ROD models. The
results do however depend on as yet unverified assumptions about the
functional dependence of pore fluid pressure upon air-void crushup. Also,
the dry failure surface has not been measured for 2C4 or LD2C4 grout. A
measurement of this failure surface for these grouts or for porous earth
materials such as tuff or alluvium would be a significant step forward in
the verification of the effective stress model.

Figure 4.20 shows the calculated residual stresses from the “best
fit" effective stress law simulation for LD2C4 grout. Comparisons with
the residual stresses calculated for LD2C4 using the RDD model (Figure
1.10) show similar values of peak compressive hoop stress of (within 10
percent) but smaller radial stress peak for the effective stress calcula-
tion. In both Figure 1.10 and Figure 4,20, waves are still banging back
and forth between the simulated walls of the surrounding water tank and
the cavity. Near the cavity itself, the effective stress calculation
allows for a far greater stress difference than did the RDD simulation,
Calculated cavity radii for the two differ by less than 1.0 percent and
are in agreement with the measurements.

134




PV2 297 R = 127 (o)

sopernadracccvas
os®

/

VELOCITY (CM/SEC)

00 L0 20 30 40 OO0 60 70 80 Q0 100
TIME (SEC) 0

Figure 4.16. Comparison between measured particle velocities at 1.27 cm
for LD2C4 grout and "best fit" simulation using the
effective stress model.
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Comparison between measured particle velocities at 2.54 cm
for LD2C4 grout and "best fit" simulation using the
effective stress model.

Figure 4.18.
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Figure 4,19, Comparison between measured particle velocities at 4.0 cm
for LD2C4 grout and "best fit" simulation using the

effective stress model.
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4.4 IMPLICATIONS FOR CONTAINMENT

Finite difference calculations have been made which simulate the
particle velocity data from the grout spheres experiments in high porosity
LD2C4 grout using two different constitutive models. The two calculations
gave compressive residual hoop stresses of similar magnitudes, approxi-
mately a factor of five greater than overburden. Although the peak hoop
stresses calculated for LD2C4 grout were approximately a factor of two
lower than for 2C4 grout, their magnitudes were sufficiently high (340
bars) that we would expect significant increases in measured fracture
initiation pressures when compared with the unexploded configuration. The
experimental results, no increase in fracture initiation pressure for the
exploded configuration, strongly indicate a rapid decay of the residual
stress fields with time for the high porosity LD2C4 grout. For the
highest flow rate hydrofracture measurements, the residual stresses may be
reasonably assumed to decay to near overburden within at most a few
seconds.

The experimental results bring into question the residual stress
concept as a containment mechanism for the hot cavity gases from nuclear
events in high porosity materials such as alluvium. Finite difference
calculations for events in alluvium are sometimes presented to the
Containment Evaluation Panel (CEP) to show the formation of compressive
residual stress fields around the nuclear cavity. Although the calcula-
tional models used for alluvium have not as yet been validated by compar-
isons with particle velocity measurements, as was done here for LD2C4
grout, we expect that validated models will indicate the presence of these
compressive residual stresses at the end of the dynamic motions (a few
seconds). However, it may be necessary to continue these calculations,
with appropriate models for creep or stress relaxation, to demonstrate the
continued existence of the compressive stress fields for many minutes or
until cavity pressure decay is complete or chimney collapse occurs.
Residual stress relaxation accompanying cavity gas cooling and pressure
decay has been measured by Smith (Reference 26) for 64 1b TNT charges in
NTS G-tunnel saturated tuff.
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The determination of constitutive models for porous alluvium has
been handicapped by the absence of laboratory material properties measure-
ments due to the difficulty of acquiring intact alluvium cores. We have
shown that particle velocity measurements at a few ranges together with
inexpensive finite difference calculations can be used as a material
property measurement, i.e., to develop a crush curve, failure surface,
etc., for a porous material, LD2C4 grout. Small insitu high explosive
tests in alluvium may be used to develop material properties for alluvium
in a similar manner once gauge limitations are overcome. Accurate measure-
ment of both stresses and velocities may lead to a unique constitutive
model for alluvium.

For a rock of interest to containment, from which representative
cores may be obtained, the SRI small scale explosive tests provide a means
for inexpensively determining the validity of our constitutive models.
This procedure requires determination in the laboratory of the material
properties relevant to the candidate constitutive model. For the effec-
tive stress model, this means measurement of the dry failure surface in
addition to the standard tests. The question of size effects must be
adequately addressed for this procedure to be relevant to containment
questions in large scale nuclear tests.
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SECTION 5.
CONCLUSIONS

In this report, we have shown that particle velocity measurements
together with finite difference calculations may be used to develop a
numerical constitutive model which describes the dynamic behavior for two
earth-1ike materials, a saturated grout and a high air-filled porosity
grout. In the absence of the stress measurements needed for uniqueness,
two very different constitutive models were developed which allowed
successful simulation of the particle velocities for both grouts. The
particle velocity measurements resulted in the rejection of many other
candidate models. The validity of these two models, the rate dependent
ROD models, which do not simply scale to other explosive yields, and the
rate independent effective stress model, which does scale, may be differ-
entiated between by a simple laboratory experiment at a larger explosive
yield.

The two constitutive models have different prescriptions for how
material strength is modified by the passage of dynamic shock waves.
However, both lead to the same conclusions, that a higher strength than
measured from standard laboratory material properties tests is required
during shock loading and that a considerably lower strength is required
after the loading is completed.

The compressive residual stress fields calculated with either
constitutive model are in reasonable agreement with the hydrofracture
measurements for saturated 2C4 grout, but are considerably higher for the
high porosity LD2C4 grout than would be expected from the hydrofracture
data, indicating rapid residual stress relaxation for a high porosity
alluvium-1ike material, This stress relaxation brings into question the
residual stress concept as a mechanism for the containment of hot cavity
gases for events in porous alluvium.
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The procedure of using particle velocity measurements to develop
material properties was tested for LD2C4 grout and resulted in the deter-
mination of a crush (loading) curve which was in excellent agreement with
a crush curve measured in the laboratory. Thus, good particle velocity
measurements from insitu high explosive tests may be used to obtain a
crush curve for a material such as alluvium in which core samples are not
available. When core is available, cylinders of this material may be
tested on a small scale using the SRI explosive configuration and labora-
tory material properties data to measure our modeling success for the rock
of interest to containment.
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